ABSTRACT: Different marine species and their larvae have characteristics that can expand or contract their potential dispersal, which can add complexity to the management of species assemblages. Here we used a multi-scale biophysical modeling framework, the Connectivity Modeling System, for the analysis of network connectivity for 5 Caribbean coral reef-associated species in order to gauge similarities and dissimilarities among species as well as among Caribbean regions. We estimated local dispersal and retention to assess regional exchanges, and our results revealed that the population structures of coral and fish are different and should thus have dissimilar management requirements in many regions, with some notable exceptions. Populations of Porites astreoides corals appear fragmented, suggesting that loss of adult colonies in any region may significantly impact regional recruitment success and connectivity. At the other end of the spectrum, populations of bluehead wrasse Thalassoma bifasciatum are highly connected, and removal of adults in any single region would not imply future recruitment failure in that region. We suggest using a 'diversity of exogenous settlement' index as a proxy of recolonization potential, which is related to the stability of regional connectivity networks. We demonstrate that resolving multispecies larval transport dynamics helps identify regions of both network stability for multi-generational connectivity (e.g. stable larval sources and corridors) pertinent to regionallevel management and network inconsistencies among species which are pertinent to the success of local management.
INTRODUCTION
Understanding the dispersal dynamics of pelagic larvae in the oceans and how those dynamics affect the resilience, recovery, and management of marine resources continues to be a fundamental challenge at the forefront of marine ecology and policy (Sale et al. 2005) . For many coral reef species, the pelagic larval phase is the only opportunity for migration, and import and export of larvae among connected populations is essential for metapopulation maintenance (Moilanen 1998 , Hanski & Ovaskainen 2000 , Hanski 2003 ). Contrary to theoretical expectations (Largier 2003) , larval dispersal direction and magnitude in real-world situations are often asymmetric and heterogeneous (Vuilleumier & Possingham 2006 , and citations therein). Adult sexual strategy (Paris et al. 2005) , larval behavior (Leis & McCormick 2002 , Paris & Cowen 2004 , larval mortality (Cowen 2000 , Vikebø et al. 2007 , and persistent oceanographic features (Graham & Largier 1997 , Limouzy-Paris et al. 1997 , Bassin et al. 2005 , Sponaugle et al. 2005 , Lipphardt et al. 2006 ) have all been shown to differentially affect recruitment and connectivity of marine larvae across the seascape.
For management purposes, reef areas are often described as either being a sink or a source of larval recruits. Sources are thought of as consistent suppliers of larvae, and sinks receive more recruits than they export. Resource managers, therefore, are often concerned with the sources of larvae coming into their managed areas, and productive larval sources are generally considered good candidates for protection because of their contributions to population resilience, particularly in areas that are harvested. The integration of larval connectivity into management planning is commonly considered advantageous (Cowen 2000 , Sale et al. 2005 , Christie et al. 2010 . However, as ubiquitous as these concepts are in the scientific and management communities, very little empirical evidence exists describing source−sink dynamics because evidence of larval connectivity can be difficult to acquire.
Multispecies ecosystem-based management is a robust management approach when attempting to maintain ecosystem services and functional redundancy (Gislason et al. 2000 , Pauly et al. 2002 , Browman & Stergiou 2004 . However, this approach is complicated by the fact that different marine species and their larvae have traits and behaviors that may expand or contract their potential dispersal capabilities. In an ideal world, management would benefit from simultaneous consideration of the dispersal abilities of every species of management concern. Some species might be selected because of their direct commercial importance to fisheries (Harrison et al. 2012) , whereas others might facilitate production and biodiversity because of their role as ecosystem engineers, such as macroalgae and corals (Bozec et al. 2013 ). Here we estimate the source−sink dynamics of 5 diverse Caribbean coral reef-associated species in order to identify regions of potential importance to metacommunity persistence and management consideration. The persistence of a population can be defined as its replacement over space and time through all possible larval exchange pathways over multiple generations (Botsford et al. 2009 ). The simplest kind of replacement consists of larvae returning to their natal population (i.e. local retention, sensu Paris & Cowen 2004 ); a more complex example might include larval pathways that connect populations through multiple generations, such as through corridors or stepping stones (Rozenfeld et al. 2008 , Treml et al. 2008 , Treml & Halpin 2012 ). Here we investigated differential network dynamics among study species from local-scale larval exchanges to regional-scale connectivity and characterize consistent and inconsistent patterns of species-specific larval sources and sinks in the Caribbean.
MATERIALS AND METHODS

Model initialization
To investigate the network dynamics of larval dispersal in the Caribbean, we used a multi-scale biophysical model, the Connectivity Modeling System (CMS, Paris et al. 2013) . The CMS simulated larval transport among populations and the larval flux between Caribbean regions over half a decade (2004 to 2008) for 3 species of coral reef fishes (the yellowtail snapper Ocyurus chrysurus, the stoplight parrotfish Sparisoma viride, and the bluehead wrasse Thalassoma bifasciatum) and 2 scleractinian corals (the boulder star coral Orbicella annularis, formerly Montastraea annularis, and the mustard hill coral Porites astreoides). O. chrysurus and S. viride are targeted for harvesting in many Caribbean fisheries, and T. bifasciatum is a model species with a plastic pelagic larval duration (PLD) (Swearer et al. 1999 , Swearer 2001 , Sponaugle et al. 2006 , Hamilton et al. 2008 , Munday et al. 2009 ) and has been the subject of genetic population studies (Purcell et al. 2006 , Puebla et al. 2012 . The carbonate skeletons of scleractinian corals form the framework and habitat of coral reefs. Scleractinian corals use 2 major life history strategies: brooding and broadcast spawning. These alternative strategies have implications for the dispersal of planulae larvae, and so we include an example of each, the brooder P. astreoides and the broadcaster O. annularis.
The CMS couples ocean current, GIS-based habitat, and biological modules. The biological module includes traits such as spawning frequency, PLD, larval ontogenetic vertical shifts, and mortality (Paris et al. 2007 ). To maximize accuracy in larval dispersion calculations, a hierarchy of coupled nested models was used, all based in the community code of the Hybrid Coordinate Ocean Model (HYCOM; Bleck 2002) . Starting from the larger domain, these in cluded the HYCOM-Global 1/12 degree horizontal resolution (ca. 7 km grid), the Gulf of Mexico GoM-HYCOM 1/25 degree horizontal resolution (ca. 4 km grid), and finally the Florida Keys FKeyS-HYCOM 1/100 degree horizontal resolution (ca. 900 m grid; Kourafalou & Kang 2012) . All 3 models used 20 vertical layers.
For this study 3202 coral reef habitat polygons (8 km 2 each, 'nodes' in Table 1) were developed from Caribbean coral reef extent datasets (Millenium Coral Reef Mapping Project, Andrefouet et al. 2005 ; Reefs at Risk, Burke et al. 2011) . These nodes had dual functions as spawning/larval release and settlement habitats of local populations. Habitat nodes were also sub-grouped a priori into 23 Caribbean regions based on previous connectivity studies , Bustamente & Paris 2008 to facilitate the description of Caribbean network dynamics at local versus regional scales. Regions ranged in size from containing roughly 22 to 3000 km 2 of reef habitat and 16 to 703 coral reef nodes (Fig. 1) . The CMS tracked larvae ('particles') and recorded their positions . If a particle passed over suitable settlement habitat, i.e. a habitat node, during its settlement competency window, that particle was considered to have settled to that node (Table 1) . This study assumed homogenous productivity at each reef node and makes no reference to post-settlement effects on recruitment success.
Spawning and larval traits were used to scale the number of particles released. The total number of particles released was computed to saturate all possibilities of dispersal for a given competency period, mortality rate, and release frequency (Kough et al. 2013 ). Thus, species-specific differences in the number of particles released from each node are based on computational minimums, not on species-specific reproductive output. For the fish species, 100 simulated larvae were released from each node on the first of every month across all 5 yr (6000 particles node −1 ). Simulated larvae were released for each coral species according to limited species-specific reproductive seasons. Porites astreoides is a brooding coral that releases competent larvae throughout spring and summer, with peaks of larval release focused around new moons from March through August (Szmant 1986 , Chornesky & Peters 1987 , McGuire 1998 . On new moons from March through August each year, 100 particles were released from each node (2500 particles node −1 ). Orbicella annularis populations experience 1 to 2 mass spawning events per year in late summer, 6 to 8 d after full moons (Szmant 1986 , Szmant et al. 1997 . Depending on the calendar date of full moons in late summer, particles were released in 2 late summer months (August, September, or October) each year. In total, 500 particles were released from each node, each selected month, distributed over 5 d with peaks on the seventh night after full moon (5000 particles node −1 ).
3
Term Definition
Settlement
In this study, settlement occurs when a competent larva encounters suitable habitat Self-recruitment In this study, because post-settlement survivorship is not addressed, selfrecruitment (at times, self -regional recruitment) is the proportion of total local settlement attributed to locally produced larvae Node A vertex in a graph that may represent reef habitat or a region Edge A line or arc in a graph connecting 2 nodes that represents larval exchange Region A collection of habitat nodes, grouped for analyses pertinent to management and demographic connectivity Shortest path length
The minimum number of node-to-node steps required to connect any 2 nodes, i and j Longest shortest path
The longest shortest path length in a network Average shortest path
The mean shortest path length in a network (also median shortest path) Strongly connected component (SCC) A directed subgraph where all nodes are connected in both directions, albeit possibly through multistep pathways Betweenness centrality (BC) A measure of the importance of a node in connecting other nodes in the network Species-specific larval behavior parameters were used for each fish and coral species, including time from release to competency, maximum PLD, flexion ages (for fish), vertical distributions, and mortality rates (Table 2) . Mortality rates were calculated a priori as larval half-lives, such that approximately 50% of unsettled larvae would be surviving after half the maximum PLD.
For each species, the model generated transition matrices of M dimension (3202 × 3202) with element M ij representing the number of particles originating at any node i that migrate to any other node j over the 5 yr simulation time. Without information on spawning production and the size of the population, the magnitude of larval fluxes cannot be realistically quantified. Yet, we can accurately quantify the probability of migration,M, which was used in connectivity network analyses. Probabilities of migrationM are calculated by normalizing the transition matrix M (i.e. number of surviving particles in each node M ij ) by the total arrival from node i: The matrixM ('connectivity matrix' sensu Cowen et al. 2006) , does not reflect the relative magnitude of settlement among nodes, rather, it reflects the probability that a larva spawned from node i settles successfully at another node j, thus connecting the population i to j. Regional connectivity matricesȒ (23 × 23) were similarly developed at the regional scale representing the probability of larval migration from any region I to any other region J. In this case, all transitions from habitats within region I (I i ) to habitats in region J (J j ) were pooled prior to being normalized.
Network analyses
Graph theoretical network analyses were performed at both fine (3202 habitat nodes) and regional (23 regions) scales for each species. The degree of habitat and regional connectivity for each species was compared using several estimates for network diameter and fragmentation (see Table 1 for terms and definitions). The number and geographic extents of strongly connected components, or directed subgraphs, in the connectivity networks of each species were calculated to highlight well-connected subpopulations. A strongly connected component (SCC) is made up of a set of nodes that are connected through directed paths in both the source and sink direction, albeit potentially through multistep connections (Andrello et al. 2013) . Few SCCs in a network suggest a high degree of connectivity and low fragmentation. Isolated habitat nodes in the finescale analysis, or nodes that exchange larvae in only 1 direction, represent their own SCC and were not included when enumerating SCCs.
A shortest path is the minimum number of steps required to connect 2 nodes in a network. If 2 nodes are directly connected, the shortest path is 1 step, whereas if 2 nodes are connected through a single intermediary node, the shortest path between those 2 nodes is 2 steps, etc. Longest and average shortest paths are descriptive network statistics that estimate the diameter, or level of connectivity, of a network (Albert & Barabási 2002) . The longest shortest path in a network is simply the number of node-to-node steps required to connect the most distantly connected nodes in the network, and a shorter longest shortest path generally correlates to a more highly connected network. It is possible to have a shortest path of infinity in the instance where 2 nodes are not connected in a particular direction. Here, path lengths of infinity were noted but not included in the calculation of longest shortest path. Distributions of shortest paths in a network are generally not uniform, and thus the average or median shortest path may be a more descriptive network diameter statistic, especially in networks with many nodes. Again, smaller average or median shortest paths generally correlate with higher network connectivity, and infinite shortest paths were noted but not included in the calculation of these statistics.
Betweenness centrality (BC) is a measure indicating the degree to which a node serves to connect other nodes in the network, such as a corridor or stepping stone to multistep, or in this case, multigenerational connectivity (Freeman 1977 , Estrada & Bodin 2008 , Rozenfeld et al. 2008 , Treml et al. 2008 , Treml & Halpin 2012 , Andrello et al. 2013 . BC counts the fraction of shortest paths between pairs of nodes that pass through node i:
( 2) where σ st denotes the total number of shortest paths between nodes s and t, and σ st (i) denotes the number of those that pass through node i. BC can be thought Table 2 . Species parameters and proportional settlement (ignoring any post-settlement mortality). Flexion determines the age at which major ontogenetic shifts occur in these fish species, including changes in mean depth of larvae (Paris & Cowen 2004) . Fish larvae were released on the first day of every month each year. Coral larvae were released according to restricted reproductive seasons and spawning events. 'Total larvae released' is over the 5 yr simulation time. Note that higher proportional settlement in corals is due to a short time to competency. PLD: pelagic larval duration; na: not applicable of as a measure of the importance of a node in maintaining the structure of the network and has been used to identify critical patches for the maintenance of connectivity in complex landscapes (Estrada & Bodin 2008) . Each region's BC was calculated for each species based on the regional connectivity matrixȒ. The matrix was reweighted by the probability of migration (1 −Ȓ IJ , ignoring unrealized connections), and the results were normalized to the maximum value of BC.
Regional analyses
We have many ways to visualize dynamic networks; however, extracting useful node-specific information can be difficult, particularly in large multispecies networks. Thus, conservation benefits from a generalization of network connectivity into demographically significant, manageable units (in this case, regions). Because fine-scale network analyses revealed species-specific network dynamics that preclude the use of SCCs as multispecies management units, regions were developed a priori from previous studies that outline Caribbean ecoregions ('regions' herein) important to species management , Bustamente & Paris 2008 .
The following are analyses designed to communicate source−sink relationships within and among regions for multiple species. Mean regional source− sink indices (SS) were calculated for each species as the positive or negative difference in larvae being exported from and larvae being imported to a region, divided by the sum of import and export for that species in that region: (3) where K represents the successful settlement into or out of a region. A value of 0 would indicate that the region experiences nearly equal import and export of settling larvae. Negative index values indicate that a region receives (imports) more exogenous settlers than it produces, and thus the region is a net sink. Positive index values indicate that the region is a net source. Indices of higher magnitude (positive or negative) indicate larger discrepancies between import and export, and regions with high index values may represent strong or consistent sources or sinks.
The number of connections a node or region shares is often used as a measure of connectivity, and may be referred to as that node's degree. Nodes with high degree are more connected, which may have implications for metapopulation management. However, in this model, connections have weights corresponding to migration probability (M ij orȒ IJ ), and thus it follows that the richness of connections (degree) may not provide as much ecological information as the diversity of connections. Source and sink connection diversity indices were calculated for each region using a modified Shannon's diversity index (S '): (4) where C is equal to the number of connections (d represents direction, and denotes whether C is the inor out-degree of the region), and p i is the probability that any given connection is to or from a region i.
This index takes take into account not only a region's degree, or connection richness but also the evenness of those connections. Regions with many sources providing near equal proportions of the region's total settlement will have higher index values, and regions for which inputs are low or highly uneven will have lower index values. The exponent of this index, e S ' , represents the true diversity of connections (Hill 1973 , Jost 2006 . The discussion here focuses on upstream (source) connections only, as upstream connection diversity may have direct implications for population resilience, adult replacement, and the probability of experiencing the 'rescue effect' (Brown & Kodric-Brown 1977 , Hanski 1982 , Gotelli 1991 .
RESULTS
Over 82 million simulated larvae (particles) were tracked over a 5 yr simulation time, resulting in over 25 million source−sink connections. The networks of all 3 fish species are strongly connected, with only 1 major SCC in each species' network (Fig. 2, Table 3 ). Although not necessarily comprised of the same exact set of habitat nodes, the geographic extents of the major fish SCCs cover most of the Caribbean and are nearly identical. The network of Orbicella annularis is more fragmented, with 4 major SCCs, and the network of Porites astreoides is highly fragmented and has 54 major SCCs (here SCCs are considered 'major' when they are comprised of more than 2 habitat nodes).
Each species' connectivity network (M orȒ) can be graphed using vertices and edges, where each vertex represents a habitat node or region and each edge represents a larval pathway. The networks of fish species are more highly connected than those of
coral species, both at fine (Fig. 3) and regional (Fig. 4 ) scales (Table 3) .
Comparisons of network diameter among species revealed similar trends at both fine and regional scales, namely that the network of Thalassoma bifasciatum is the most highly connected, and that network diameter is significantly greater in coral species (Fig. 5, Table 3 ). Ignoring isolated habitats, Porites astreoides populations are connected, on average, in about 13 generations, while fish populations are connected within 2 to 4 generations (Fig. 5, Table 3 ). The distribution of shortest paths at this scale was skewed, most dramatically so for the network of P. astreoides, which also had far more isolated nodes than the networks of the other species (Fig. 5) . The network of P. astreoides is far more fragmented than that of any other species modeled. Not only are path lengths longer, but a large percentage of habitats would not be expected to exchange larvae, even over multiple generations, which could suggest high degrees of local adaptation. We found that the network of each species was significantly different in regards to median shortest paths at this scale (multiple comparison Kruskal-Wallis ANOVA, Bonferroni correc-7 Fig. 2 . Strongly connected components in the connectivity network of the 5 modeled species, using all 3202 habitat nodes. Gray polygons represent strongly connected components, and red points represent habitat nodes, or groups of 2 connected habitat nodes, that are isolated or only weakly connected to other components in the network. For fish species, there is 1 major strongly connected component in the Caribbean (technically, isolated habitats represent their own component; however, here they are ignored). There are 4 major strongly connected components in the connectivity network of Orbicella annularis. The connectivity network of Porites astreoides is highly fragmented, and there are many strongly connected components in the connectivity network of this species. See Table 2 Infinite path lengths ignored Table 3 . Graph theoretical estimates of network connectivity (diameter) for each species at both fine (3202 habitat nodes) and regional scale (23 regions). Diameter values are in 'steps' and suggest how many node-to-node steps are required to span the network. Lower numbers indicate higher network connectivity. In the fine-scale analysis, many habitats were isolated (Fig. 3) ; thus, unrealized connections with infinite path length are ignored for fine-scale network diameter estimates. All average shortest paths were significantly different from each other in the fine-scale analysis (multiple comparison Kruskal-Wallis ANOVA, Bonferroni correction, p < 0.001; Fig. 5A ). At the regional scale, coral network diameter estimates result in infinity values because the network of Orbicella annularis is only weakly connected (the Gulf of Mexico represents its own strongly connected component), and the network of Porites astreoides is an unconnected graph. Shortest path comparisons were made ignoring infinite path lengths for the coral species. The networks of Thalassoma bifasciatum and Ocyurus chrysurus have similar longest shortest path lengths at the regional scale; however, T. bifasciatum's network has significantly shorter average shortest path lengths than all other species. The networks of O. chrysurus and Sparisoma viride have similar average shortest path lengths, as do the 2 coral species, which are significantly larger than the fish species (1-way ANOVA, Tukey's HSD, p < 0.001). Superscript letters indicate significantly different means within a column. SCC: strongly connected component Fig. 3 . Fine-scale connectivity within the Hispaniola region for both (A) Thalassoma bifasciatum and (B) Porites astreoides. Circles (vertices) represent habitat nodes; edges (arcs) represent larval exchange in the clockwise direction. Size of the vertex indicates the proportion of self-recruitment at that node; the shade of the vertex indicates the betweenness centrality (BC) of that habitat node (darker shades indicate higher values). Dark edges represent larval exchanges within the Hispaniola region; lighter edges represent larval exchanges between Hispaniola habitats and habitats outside of the region. Larval exchanges with a probability of arrival < 0.001 are omitted for clarity and to illustrate connections with likely demographic significance. Note that in the case of P. astreoides, east and west Hispaniola belong to 2 separate strongly connected components (Fig. 2) tion, p < 0.001; average shortest paths are shown in Table 3 for consistency). However, for the purposes of this study, non-integer differences in average shortest path between species -such as that between Ocyurus chrysurus (3.38 ± 1.31) and Sparisoma viride (3.42 ± 1.44) -may not be informative, as this value is used to estimate the number of generations re quired to span the network. Regional-scale analysis reduces the diameters of the connectivity networks, with the most dramatic reduction in P. astreoides (Table 3) . At the regional scale, the average shortest path for all 3 species is under 2 region-to-region steps, suggesting that, on average, every region has the potential to be connected in 2 steps or, in this model, in 2 generations. The network of Thalassoma bifasciatum has a significantly shorter average shortest path than any other modeled species (Table 3 , 1-way ANOVA, Tukey's HSD, p < 0.05), indicating higher degrees of connectivity in comparison to the other 2 fish species or the coral species. The maximum PLD of T. bifasciatum is 53% greater than the parrotfish Sparisoma viride and is associated with a 19% increase in network connectivity (Table 3 ). The modeled PLDs of Ocyurus chrysurus and S. viride were similar with only a 7.8% difference, but their flexion ages were quite different at 11 to 18 d and 7 d, respectively. Yet, despite differences in flexion ages and vertical distribution, the differences in network diameter were negligible at < 0.1% and not statistically significant (Table 3 , 1-way ANOVA, Tukey's HSD, p > 0.05). All fish species demonstrate high probabilities of dispersal in the Bahamas and northeast Caribbean, as well as in the central Caribbean (Fig. 4) .
The connectivity networks of the corals differ from those of the fish, as well as from each other. The network of the brooder Porites astreoides is highly fragmented, and self-recruitment is dominant in every region (Fig. 4) . Of the 5 species modeled, P. astreoides is the only species that has an unconnected network at the regional scale, meaning that 9 Fig. 4 . Network graphs for the 5 studied species. Vertices represent regions; edges represent larval exchange (clockwise along arc). Size of the vertex indicates the proportion of self -regional recruitment; shade of the vertex indicates the betweenness centrality (BC) of that node (darker shades indicate higher values). The thickness of the edge represents probability of migration (threshold of 0.001 to illustrate connections of demographic significance). See Table 2 for full species names distinct metapopulations are confined to subgraphs in the network and might not exchange larvae in any direction. The spawning coral Orbicella annularis has a network intermediary to that of P. astreoides and the 3 fish species in terms of fragmentation and degree of connectivity. Although the graph is a connected graph, 1 region (Gulf of Mexico) does not receive larvae from any other region, meaning this graph is not strongly connected. The network of O. annularis has fewer connections than the fish species and the average shortest path is significantly longer than any fish species at both fine and regional scales (Table 3) ; however, at the regional scale O. annularis and P. astreoides have similar average shortest path lengths ( 
Source−sink dynamics
Of the 23 regions, 13 have species-specific mean SS indices, acting as a sink for some species and a source for others, including, for instance, the Colombian Archipelago and Honduras (Fig. 6A) . Of those regions, 10 have similar index directions for all fish species, while 1 or both coral species has an opposite index direction. Mean SS index directions for fish species differ only in 3 regions: the Bahamas, which is a net source for Sparisoma viride and not the other 2 fish species; Venezuela, which is a net sink only for S. viride; and Honduras, which is a net source only for Thalassoma bifasciatum. The remaining 10-nearly half of all -regions show consistent mean index values in either the source or sink direction for all species. Consistent sources for all species include Turks and Caicos, northwest Cuba, southwest Cuba, the Nicaraguan Rise Islands, and Belize. Consistent sinks for all species include Florida reefs, north-central Cuba, southeast Cuba, the Gulf of Honduras (excluding T. bifasciatum), and Mexico.
Variability in mean SS index over the 5 yr studied is represented by standard deviation and can be seen in Fig. 6B . In general, coral species have higher vari- th and 75 th percentiles; whiskers are the interquartile length multiplied by 1.5. Dots represent outliers. Median shortest paths are below 5 node−node steps in all networks except for that of the brooding coral Porites astreoides, which had a median shortest path length of 13, and maximum shortest path length of 43, suggesting a much more fragmented network. The percentage of node−node pairs that were completely disconnected (node−node path length of infinity) is represented in (B) for each species. See Table 2 for full species names ability in this index. Regions with index directions consistent across all species tend to have lower variability during the 5 yr study period, with a notable exception of the Turks and Caicos Islands. Similarly, high-magnitude mean SS index values by region and species are often associated with lower variability.
Upstream connection diversity and isolation
The proportion of self -regional recruitment is defined here as the proportion of settling larvae within each region that originated from reefs within that region. Although there is high variability, species with longer maximum PLDs and time to competency tend to have lower self -regional recruitment, and those regions tend to have a higher number of source connections. A decreasing linear relationship exists between the proportion of self -regional recruitment, and true diversity of upstream connections (e S ' ; Fig. 7B , R 2 = .80, p < 0.001), suggesting that lower self -regional recruitment correlates with higher upstream connection diversity, and isolation correlates with a low diversity of larval inputs. Maximum e S ' values decrease with maximum PLD and time to competency (Table 3 , Fig. 7B, bounding boxes) . Porites astreoides, the most isolated species in all regions, has probabilities of self -regional recruitment ranging from 0.87 to 1 in all regions. Regions in this species' network also have the fewest sources and lowest diversity of sources of all species (maximum e S ' of 1.31). In contrast, regions in Thalassoma bifasciatum's network experience proportions of selfregional recruitment ranging from as low as 0.12 to 0.93 and e S ' ranging from 1.28 to 6.11, indicating considerable variability in the settlement dynamics of this species among regions (Figs. 6D & 7) .
For all species, south Cuba, Puerto Rico, the Windward Islands, Venezuela, Nicaragua, Belize, and the Gulf of Mexico experience high self -regional re - Table 2 for full species names cruitment and low upstream connection diversity. For fish species, settlement in north-central Cuba, the Colombian Archipelago, Cayman Islands, Honduras, and Mexico is primarily from exogenous upstream reefs, and the diversity of those upstream sources is high (Figs. 6D & 7B , also see Jamaica and northwest Cuba). The same is true of northwest Cuba and Grand Bahama for Thalassoma bifasciatum.
DISCUSSION
Effects of larval traits on connectivity Foster et al. (2012) demonstrated that larval ex change projections for Orbicella annularis made with the CMS ) had a high degree of consensus with empirical genetic population data, with notable discrepancies likely due to habitat conditions not included in the model, such as low salinity runoff. We have expanded this model to include the larval exchange probabilities of 5 coral reef-associated species in order to gain insight into multispecies network dynamics. In doing so, we have shown that network dynamics are largely species-specific due to diverse reproductive and larval traits. Graph theoretic analyses of the connectivity networks of the 5 studied species statistically confirm some common assertions regarding maximum PLD and dispersive capabilities in marine organisms. Longer PLDs correspond with greater connectivity in this model; however, minimum PLD, or time to competency, appears to control local settlement dynamics and may have implications for habitat isolation and resilience. The fish species modeled have small network diameters of between 2 and 4 steps in the fine-scale analysis and less than 2 steps in the regional-scale analysis, which suggest that there is scope for significant geographic mixing over multiple generations. In the case of Thalassoma bifasciatum, this assertion is supported by 12 Fig. 7. (A) Number of upstream connections versus the proportion of selfregional recruitment for each species at each region. Regions are not explicitly labeled for clarity. (B) True diversity of upstream connections versus the proportion of self -regional recruitment for each species at each region. A linear relationship (R 2 = 0.80, p < 0.001) suggests that source diversity is negatively correlated with the proportion of self -regional recruitment. Dotted boxes indicate the lower threshold of self -regional recruitment and upper threshold of upstream connection diversity for each species. In (A) a box has been placed around the region of Jamaica in the network of Orbicella annularis to illustrate an instance where high upstream connection richness does not indicate high upstream connection diversity. See Table 2 for full species names population genetic studies that found no explicit spatial pattern to genetic variations in this fish in the Caribbean basin (Purcell et al. 2006 , Puebla et al. 2012 . T. bifasciatum has the longest maximum PLD of the modeled species together with deepest vertical migration, and its network is predicted to be richer in connections, have a smaller diameter (higher connectivity), and generally experience lower proportional self -regional recruitment and higher source diversity than the other 4 species. Correspondingly, the network of Po rites astreoides, which has the shortest maximum PLD and time to competency of modeled species, also has the most fragmented network. This may corroborate findings by Puebla et al. (2012) that suggest that minimum and maximum PLD correlate with lower and upper confidence limits of estimates of dispersal distance based on genetic isolation in coral reef fish. When comparing the similar connectivity networks of Sparisoma viride and Ocyurus chrysurus -which have comparable maximum PLDs but differing time to competency, flexion ages, and vertical distributions -the effects of non-PLD larval characteristics on connectivity are not statistically obvious using network diameter analyses, but can be seen as regional variations in settlement magnitude, which affect SS, S ', and BC (Figs. 4 & 6) . Due to larval behavior, the relationship between dispersal distance and PLD is non-linear (Shanks 2009) , and shorter time to competency should increase the probability of settlement nearer to natal reefs, which increases the probability of self-recruitment. Flexion ages determine the timing of species-specific ontogenetic shifts in larval vertical distribution, which can expose pelagic larvae to horizontal and vertical flow velocities that may serve to retain or disperse larvae (Paris & Cowen 2004 ), leading to species-specific network connectivity. Even for species with similar maximum PLD, such as S. viride and O. chrysurus, these differences in larval biology can create networks with regions that have functionally different roles and centralities. Although the networks of these 2 species appear similar, in many cases the removal of regions may have significantly different effects on multi-generational basin-scale connectivity.
BC is an estimate of the relative importance of a region in a network. There is high consistency in regional BC among fish species, and Orbicella annularis shares patterns of BC with fish species in the central Carib bean. This is likely due to overlap in maximum PLD, whereas the shorter larval duration of Porites astreoides restricts the connectivity of this species in the Colombian Archipelago and Jamaica (Fig. 6C) . The networks of coral species also share a set of highly central regions, including Bahamian reefs, Cuban regions, and Hispaniola. These regions behave as stepping stones to multigenerational connectivity for corals. Shorter time to competency restricts connectivity and enhances local retention, and connections with these highly central regions facilitate multigenerational connectivity in the more fragmented networks of coral species.
It is important to recognize that this study does not address any species-specific post-settlement mortality. Scaling connectivity by post-settlement mortality would reduce connectivity for all species, especially those with high predicted post-settlement mortality, such as Orbicella annularis (Hughes & Tanner 2000 , Edmunds & Elahi 2007 . However, the shapes of each species' connectivity network (Figs. 3 & 4) and the regional centralities within those networks would likely not change significantly if connectivity were scaled by spatially homogenous species-specific mortality rates. In reality, it is possible that post-settlement mortality-as well as larval production -is not homo genous over space, which could change the connectivity relationships both within and between regions. Additionally, it is possible that larvae settling at different times within their competency period have differential recruitment success, which could also alter the connectivity network.
Source−sink dynamics
The Bahamas, Venezuela, and Honduras are the only regions in which fish SS indices may be in opposite directions. In all other regions, the magnitude of index values may differ, but fish species have similar source−sink dynamics, suggesting that the adult replacement dynamics in these regions may be similar. This is likely due to persistent current re gimes and relatively similar larval characteristics among these species (as compared to the coral species).
The 2 coral species have very different larval traits, and thus the source−sink dynamics are considerably different for each species. Because these source−sink patterns are so different, it is expected that realworld recruitment patterns for these species would be quite different as well (Glynn & Colley 2008) .
Variability in source−sink dynamics is higher for corals than for fish throughout the 5 yr study period. The most obvious reason for this is that the limited spawning window for coral species exposes settling larvae to higher environmental variability from year to year, as opposed to fish which reproduce year-round in this model. In the case of Porites astreoides, low levels of larval exchange may also create variability in source−sink dynamics for this species. Both coral species have short time to competency, and the probability of self -regional recruitment is high in most cases. This may imply that larval exchange occurs in pulses determined by variability in hydrodynamics, leading to higher variability in source−sink dynamics.
In regions where mean SS indices are in the same direction for all species, variation in SS index values tends to be lower for all species. This is also true for regions and species with high magnitude index values. This may imply that the arrangement and orientation of these regions in the seascape, as well as consistent hydrodynamic and eddy features, may be more responsible for the source−sink dynamics at these regions than larval traits.
Source diversity and isolation
The number of upstream connections providing larvae to a region may not be the best indicator of levels of connectivity or population resilience. For example, in Jamaica, Orbicella annularis has 12 upstream connections, meaning that more than half of the regions in the Caribbean contribute to settlement there. However, the proportion of self-recruitment for this coral in Jamaica is higher than 0.94, suggesting that an overwhelming proportion of settlers come from Jamaica itself. Although upstream connections are rich (Fig. 7A) , the diversity of those connections is low (Figs. 6D & 7B) . How demographically significant are those upstream connections? The connection diversity index S ' provides a metric that describes both the richness and evenness of source connections, which has implications for the recovery potential of a region after perturbation; a region with diverse upstream connections should be less vulnerable to variability in larval supply or a reduction in local reproductive success. Alternatively, regions with high proportions of self-recruitment are potentially vulnerable to recruitment failure should local reproductive success decline, and such regions are potentially vulnerable to isolation due to network fragmentation. Self -regional recruitment and the diversity of source connections are strongly linearly correlated (R 2 = 0.80). Regions that rely less on locally produced larvae generally rely instead on diverse sets of sources. Populations that experience exogenous larval subsidies have increased recovery potential due to the 'rescue effect' (Brown & Kodric-Brown 1977 , Hanski 1982 , Gotelli 1991 . More diverse subsidies (higher S ') should correlate to a higher probability of rescue.
In some cases, regions are isolated physically, or are enclaves, which results in a high proportion of self -regional recruitment and low source diversity for all species. Examples include the Gulf of Mexico, regions in the eastern Caribbean, and Nicaraguan reefs. Alternatively, species with short time to competency or short PLD may be isolated in regions that are otherwise well-connected physically. The ecological result is the same; isolation likely limits rescue potential (Hanski 2001) . Regions at the other extreme that experience low proportions of self-recruitment rely heavily on exogenous source populations, and severe network variability or an inhospitable pelagic environment could cause recruitment failure while isolated regions may be less affected.
Management implications
The spatial scales of marine populations are of critical importance to effective management of marine populations and the development of protected areas (Palumbi 2004) , as is the simultaneous management of multispecies communities (Gislason et al. 2000 , Pauly et al. 2002 , Browman & Stergiou 2004 , Palumbi et al. 2009 ). In this study, both a fine-scale, habitatspecific analysis, and a more generalized regional analysis were used to investigate species-specific network dynamics in the Caribbean and further develop useful measures for describing real-world network connectivity. Regions and species with similar network dynamics may benefit from similar management focuses. For example, populations with low self-recruitment and high source diversity may benefit most from the maintenance of upstream populations. Oppositely, regions and species that predominantly receive locally produced recruits may benefit most from the maintenance of local adult reproductive populations. Because there is evidence that coral recovery and recruitment can be enhanced through the rebuilding of fish biomass (Mumby & Harborne 2010) , the management of isolated coral populations may not be decoupled from that of the management of local and upstream fish populations.
Variability in connectivity and network characteristics, both among and within species, represents a challenge to successful multispecies management. Networks of marine protected areas arranged to incorporate dispersal kernel probabilities are considered ideal for the protection of marine species (Steneck et al. 2009 ); however, kernels vary with species and location, and the high degree of complexity of marine larval connectivity has not been fully integrated into marine protected area design. Here we propose that areas (reefs, countries, regions, etc.) that are important for multispecies connectivity and network stability should be a focus of marine protection. In the current study, several regions showed high BC for all or most species, including Hispaniola, north-central Cuba, and some smaller regions in the central Caribbean, such as the Colombian Archipelago and Jamaica. These regions are likely important for multi-generational connectivity for all modeled species, at least partly due to the physical location of these regions in the seascape. Preserving and maintaining suitable settlement and reproductive habitat at highly central regions may be critical to metapopulation maintenance. Areas that consistently provide larvae to downstream reefs, especially if they behave as sources for multispecies assemblages, are particularly valuable. Because marine reserves cannot protect organisms from major physical disturbances such as storms or bleaching events, management benefits from spreading risk across the seascape (Allison et al. 2003 , Mumby et al. 2011 , and the protection of regions that have natural resilience due to consistent and diverse larval inputs may represent good investments of resources.
Our study suggests that estimating diversity of exogenous settlement or recruitment may provide a proxy of recolonization potential. Multispecies network dynamics reveal stability (e.g. sources, corridors, and naturally resilient locations) pertinent to regional level management but also species-specific dissimilarities, which may demand local and speciesspecific management. In most cases, management will and should occur at scales finer than discussed here, but the analyses used are applicable at all spatial scales. Larval connectivity models and network theory will continue to contribute valuable information to the management and protection of marine habitats, especially as the potential for further reef fragmentation and other physical changes to the environment alter both the habitat and the biology of coral reef organisms and their larvae. 
